To investigate the effect of COX-2 polymorphism and its product, pros-
The human gene for cyclooxygenase-2 (COX-2) is located on chromosome 1q25.2-q25.3 and converts fatty acids into prostaglandins. The enzyme has 3 isoforms: COX-1, which is expressed in most tissues under basal conditions; COX-2, whose expression is induced in response to inflammatory stimuli; and COX-3, which is an isoenzyme derived from COX-1. 1 The expression of COX-2 is enhanced in chronic inflammatory diseases, including atherosclerosis and chronic infections. The rs20417 G.C COX-2 polymorphism has been associated with decreased gene expression and protection against coronary heart disease. 2, 3 However, no consistent association has been found with stroke, although a COX-2 inhibitor drug was withdrawn from the market because of increased stroke risk. 4 Chagas disease is caused by Trypanosoma cruzi, a flagellate parasite acquired through contact with an insect vector, and it is a major cause of cardiac disease and stroke in South America. 5 Up to 8% of the South American population is seropositive for Chagas, but only 10%-30% of the infected individuals will present the symptomatic form of the disease. 6 Over 300,000
individuals with the infection are estimated to live in the United States. 7 Stroke is associated with Chagas independently of cardiomyopathy, 8, 9 and because Chagas serologic tests are not a routine part of stroke investigation, its prevalence is likely underestimated. The main product of the COX pathway, prostaglandin E2 (PGE2), is found in high levels in acute Chagas, 10 and treatment with COX-2 inhibitors and subsequent inhibition of PGE2 synthesis can reduce cardiac damage during the acute phase of experimental Chagas disease. 11 However, the exact role of COX-2 in chronic Chagas is unknown. A total burden of white matter disease is detected on T2 magnetic resonance imaging (MRI) as white matter hyperintensity (WMH), which is considered a marker of chronic small-vessel cerebrovascular disease. 12 Although grouped under the term of ''silent'' brain pathology, WMH has been associated with cognitive decline and increased stroke risk. 13 Several polymorphisms have been associated with the phenotype of WMH, which may identify important pathways in the pathophysiology of cerebrovascular diseases. 14 
Aims
We sought to determine the effect of the rs20417 COX-2 gene polymorphism on cerebrovascular disease in 2 separate cohorts. In a Brazilian cohort where Chagas is endemic, we investigated the effect of rs20417 polymorphism on stroke risk; in a Boston cohort, we investigated the effect of rs20417 and other COX-2 polymorphisms on WMH severity. Secondary aims in the Brazilian cohort were to determine whether there is a significant interaction between Chagas and the rs20417 polymorphism; and whether the rs20417 polymorphism and Chagas affect PGE2 serum levels.
Methods

Brazilian Cohort
Patient Ascertainment
The present study involved 2 cohorts (Brazil and Boston). In the Brazilian cohort, patients were recruited consecutively at a university-based outpatient clinic. Cases were patients with neuroimaging-confirmed ischemic stroke (IS) recruited from a reference stroke clinic at Hospital Universitario Professor Edgard Santos. Controls were stroke-free subjects from a heart failure (HF) clinic and caregivers from a movement disorders clinic. HF patients were part of a larger cohort study studying biomarkers and neuroimaging in Chagas, registered under Clinicaltrials.gov (identifier NCT01650792). We applied the Questionnaire for Verifying Stroke-Free Status 15 to exclude stroke from the HF and caregiver groups. IS was defined as an acute onset of a focal neurologic deficit lasting over 24 hours and confirmed by imaging (computed tomography or MRI). The present study was approved by the local ethics committee and all patients signed informed consent.
Clinical Characteristics
A standardized questionnaire was used to collect data on patient admission: demographic information such as age and sex, cerebrovascular risk factors such as systemic hypertension (defined as 2 outpatient blood pressure measurements above 140/90 mm Hg or by previous antihypertensive medication use for this indication), dyslipidemia (defined as total serum cholesterol .200 mg/dL or low-density lipoprotein .100 mg/dL or high-density lipoprotein ,50 mg/dL or triglycerides .150 mg/dL or by current statin or lipid-lowering medication use), diabetes mellitus (defined by a previous diagnosis or current medication use), atrial fibrillation detected on any previous electrocardiogram or Holter monitorization, and current smoking.
Laboratory Analysis
Genomic DNA was extracted from patients' blood using a Qiagen kit (QIAamp DNA Mini Kit). After extraction, a polymerase chain reaction (PCR) was performed using specific primers and after amplification, restriction fragment length polymorphism was conducted, with restriction enzymes specific for each polymorphism. To investigate the presence of the rs20417 polymorphism, primers CF8 (5 0 CCGCTTCCTTTGTCCATCAG 3 0 ) and CR7 (5 0 GGCTGTATATCTGCTCTATATGC 3 0 ) with standard PCR conditions were used. The PCR product was subjected to restriction fragment length polymorphism using the restriction enzyme AciI. The PCR product consists of 306 base pairs, and the presence of the polymorphism will result in one band of 188 base pairs and another one of 118 base pairs, and can be visualized on 2% agarose gel on a ultraviolet transluminator. PGE2 levels were estimated in plasma samples by enzyme-linked immunoassay, according to the manufacturer's instructions (Cayman Chemical).
Boston Cohort
Patient Ascertainment
Study subjects were recruited as part of an ongoing hospital-based study of patients with IS. Consecutive patients aged 18 years or older admitted to the Massachusetts General Hospital Stroke Unit, including those admitted directly to the emergency department or transferred to the emergency department from a referring hospital, between July 2000 and December 2013 were considered for enrollment. Patients were evaluated by a neurologist and imaged before diagnosis IS defined as either 1 clinical stroke syndrome associated with radiographically proven infarct or 2 a fixed neurologic deficit persisting for more than 24 hours that was consistent with a vascular event but without evidence of demyelination or nonvascular disease. Only patients with axial T2-fluid attenuated inversion recovery sequences of quality suitable for quantification on cranial MRIs obtained less than 72 hours after admission for stroke were included in the analysis. Patients with symptoms of IS related to specific vascular disorders (such as vasculitis, subacute bacterial endocarditis, fibromuscular dysplasia, vasospasm due to subarachnoid hemorrhage, or cocaine abuse) or other known causes of WMH/stroke (such as CADA-SIL, MELAS, cranial radiotherapy, leukodystrophies, or mitochondrial disorders) were excluded. The institutional review board approved all aspects of this study, and informed consent was provided by all subjects or their medical proxy. Phenotyping of ischemic etiology was performed according to the Causative Classification of Stroke or TOAST (Trial of Org 10172 in Acute Stroke Treatment) Classification, as previously described. 16, 17 Patients with large-vessel atherosclerosis, small-vessel atherosclerosis, and other or undetermined causes of IS were grouped into a ''noncardioembolic stroke'' category and analyzed separately from patients with cardioembolic IS.
Neuroimaging Analysis
MRI scans were acquired on 1.5-T Signa scanners (GE Medical Systems, Milwaukee, WI) and converted from Digital Imaging and Communications in Medicine format to Analyze format, using MRIcro software (www.mricro. com). Using a previously published semiautomated method with high inter-rater reliability, axial T2-fluid attenuated inversion recovery sequences aligned with corresponding diffusion-weighted imaging sequences were used to create WMH volume (WMHv) maps, excluding acute ischemia, edema, and chronic territorial infarcts. 18 The WMHv in the hemisphere unaffected by the acute stroke was doubled to calculate total WMHv, which was then normalized for head size.
Genotyping
Genotyping was performed on the Genome-Wide Human SNP Array 6.0 (Affymetrix), Illumina Human610-Quad v1.0 (Illumina), or HumanOmniExpress-12 v1.0 (Illumina) platforms. Standard quality control measures excluded improperly genotyped or rare single nucleotide polymorphisms and subjects who were (1) improperly genotyped, (2) 
panels from the 1000 Genomes Project. All genetic analyses were performed using PLINK v1.07, including age, sex, and principal components 1 and 2 as covariates in association analysis of log-transformed WMHv.
Statistical Analysis
Descriptive statistics and regression models for the Brazilian cohort were performed using the Statistical Package for the Social Sciences (SPSS; IBM Corporation, Armonk) version 17.0. Normally distributed continuous variables were summarized as means and standard deviations, whereas categorical variables were expressed as proportions. All regression models were adjusted for age and sex. Multinomial regression was used to investigate the association between the rs20417 polymorphism (number of C alleles), Chagas (binary independent variable), and stroke (dependent variable). An interaction term between the rs20417 polymorphism and Chagas was used to test for multiplicative effect measure modification. We used log-transformed PGE2 levels because of the skewed distribution of PGE2 and applied linear regression to investigate the association between the rs20417 polymorphism (number of C alleles) and log-transformed PGE2 levels, also adjusted for age and sex. We reported crude P values and considered values less than .05 after Bonferroni correction as statistically significant.
Results
Clinical characteristics of the Brazilian and Boston cohorts are shown in Table 1 . In the Brazilian cohort, we studied 140 individuals, including 44 IS cases and 96 controls (50 caregivers and 46 stroke-free subjects with HF). Mean age was 64 6 11 years, 84 (60%) female. Among stroke cases, 18 (40%) were cardioembolic and 26 (60%) noncardioembolic. The Boston cohort had 788 IS patients, mean age 66 6 14 years, 298 (38%) female; 302 (38%) were cardioembolic and 486 (62%) noncardioembolic. Most etiologic phenotypic classification was performed using Causative Classification of Stroke, but in 264 (34%) subjects the TOAST classification was used, with similar age distribution for subjects categorized according to each classification (P 5 .094). When both classifications were available (n 5 447), agreement between Causative Classification of Stroke and TOAST in cardioembolic category determination was 81%. Distribution of rs20417 genotypes showed a predominance of the C allele in the stroke groups (61% in the Brazilian stroke group and 83% in the Boston cohort) and a predominance of the G allele in the control group (66%). Table 2 shows the effect of the rs20417 COX-2 gene polymorphism and Chagas on the risk of stroke in the Brazilian cohort. We found a significant association between the rs20417 polymorphism and stroke (odds ratio, 6.97; 95% confidence interval [CI], 3.02-16.07; P 5 5.28 3 10 26 ) and between Chagas and stroke (odds ratio, 6.71; 95% CI, 1.85-24.37; P 5 3.80 3 10
23
). No significant multiplicative interaction between Chagas and the polymorphism was found (P 5 .313). The association between the rs20417 polymorphism and stroke remained significant when comparing the stroke group with both control groups (HF and caregivers) categorized as a single group (odds ratio, 3.51; 95% CI, 1.86-6.63; P 5 1.02 3
24
). Hardy-Weinberg equilibrium was met in all groups (P 5 .319 for the Brazilian stroke group, P 5 .649 for the Brazilian control group, and P 5.562 for the Boston stroke cohort).
In Table 3 , we show the effect of both the rs20417 polymorphism and Chagas on the main COX-2 gene product, PGE2. Increasing C allele count was associated with a significant decrease in PGE2 level (beta coefficient 5 2.77, standard error 5 .19, P 5 4.1 3 10
25
); similarly, Chagas was also associated with decreased PGE2 level (beta coefficient 5 2.76, standard error 5 .28, P 5 7.0 3 10
23
). However, no significant interaction was found between Chagas and the rs20417 polymorphism (P 5 .431).
In the Boston cohort, 3 polymorphisms within the COX-2 gene region were significantly associated with WMHv: rs19545927, rs20417, and rs201231411 (Table 4) . The only polymorphism associated with both cardioembolic and noncardioembolic stroke was rs199545927, whereas rs20417 and rs201231411 had significant association only with noncardioembolic stroke. The direction of the association of the rs20417 polymorphism was similar to the Brazilian cohort, with increasing C allele count associated with increasing WMHv (P 5 .037).
Discussion
The association between the COX-2 gene rs20417 polymorphism and stroke is controversial. Although adequately powered cohorts have suggested an association, [19] [20] [21] [22] [23] Abbreviation: CI, confidence interval. P 5 .313 for COX-2/Chagas interaction.
the most recent meta-analysis did not confirm prior findings. 2 One potential explanation is that the association is highly dependent on the interaction with environmental factors affecting expression of the gene. Experimental studies suggest that both acutely enhanced expression and chronic inhibition of the COX-2 pathway promotes neuronal damage. 4, 24, 25 The major strengths of the present study are the investigation of the COX-2 gene pathway in a disease model (Chagas disease) where chronic inhibition of the pathway occurs; and the validation of the COX-2 gene pathway in acute and chronic vascular outcomes in 2 independent cohorts. The major finding of the study is the evidence of association between the rs20417 polymorphism and stroke in the Brazilian cohort. The association was confirmed in both a case-control logistic regression model and a multinomial regression model. We also confirmed a previously demonstrated association between Chagas disease and stroke, 5, 8, 9 which seems to be independent of cardiac disease and may be mediated by inflammatory mechanisms. Although it is known that triggers of inflammation, such as Chagas disease, influence COX-2 gene expression, we hypothesized that the interaction between these 2 factors would further increase stroke risk. However, we could not confirm this hypothesis, possibly due to insufficient statistical power.
We further investigated the COX-2 gene pathway by measuring PGE2 serum levels in the Brazilian cohort and confirmed that both the rs20417 polymorphism and chronic Chagas disease were associated with lower PGE2 levels. Experimentally, both acutely elevated and chronically low PGE2 levels are associated with adverse outcomes in stroke. 4, 25 Treatment with prostaglandin agonist misoprostol decreased infarct size in a murine IS model. 26 In a knock-out mouse model with acute Chagas disease infection, cardiac myocytes with low PGE2 levels had decreased survival when compared with wild-type mice with normal PGE2 levels. 27 In human chronic cardiac Chagas disease, one study found that antimuscarinic acetylcholine receptor antibodies activate COX-2 gene expression and PGE2 production. 28 Jointly, these data support the role of the COX-2 gene pathway in stroke and Chagas disease, where the main effect of chronic low expression of the COX-2 gene pathway is to worsen both stroke risk and outcome. We further explored the relevance of the COX-2 gene pathway in silent brain cerebrovascular disease and found new associations between 3 polymorphisms (rs19545927, rs20417, and rs201231411) within the locus of interest and WMHv. The finding is in agreement with a recent case-control Chinese study showing an association between WMH and 2 functional COX-2 gene polymorphisms (rs20417 and rs689466). 23 White matter disease is a marker of small-vessel disease and increases with aging and cumulative burden of cerebrovascular risk factors. 12, 18 In addition, chronic inflammatory diseases such as lupus erythematous may trigger white matter disease without these cerebrovascular risk factors. 29, 30 There are limitations to our study. The wide CIs and large effect size for stroke risk reflect the small sample size from the Brazilian cohort and increase the probability of a false-positive finding, highlighting the need for replication in a larger population-based sample to ensure generalizability of our findings. However, the results were robust in 2 separate statistical models, and the relevance of the COX-2 gene pathway in silent brain ischemia was confirmed in an independent, larger cohort. In the Brazilian cohort, controls were sampled from 2 separate groups that differed considerably in cerebrovascular risk factor burden, where patients with HF would be more similar to stroke patients than the caregiver group. If this were true (ie, controls are more similar to cases), then one would expect a decreased chance of finding significant association in this analysis, which is not the case. The Brazilian cohort is representative of regions of the world endemic for Chagas disease but may not generalize to southern Brazilian regions. We treated Chagas disease as a dichotomous variable based on previous data showing it affected stroke risk independently of cardiac disease, 8, 9 but cannot completely exclude other mechanisms of stroke in our patients with Chagas Abbreviations: CE, cardioembolic; SNP, single nucleotide polymorphism.
The non-CE cohort had 486 patients.
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disease. Finally, the Boston cohort lacked a control group or information about Chagas status. However, we studied WMH, a validated surrogate for chronic brain smallvessel disease, and the proportion of Chagas in the Boston sample is expected to be low.
